The impact of canopy management on the nitrogen (N) content in grapevines was studied.
INTRODUCTION
In quantitative terms, nitrogen (N) is the 4 th most abundant element and the most abundant mineral element in plants, representing 1 to 4 % of the dried matter (Hopkins, 2003) . Nitrogen is a component of major molecules, including proteins, DNA and chlorophyll (Crespy, 2007) . Under non-limiting water conditions, nitrogen is the quintessential factor determining vigour; a high nitrogen supply greatly influences the leaf-fruit ratio by favouring vegetative growth, including the growth of lateral shoots, which can result in dense canopies associated with less soluble solids, higher acidity and poor colour of the fruit (Keller, 2010) . In contrast, wines produced from N-deficient grapevines tend to be more astringent, with fewer aromas, and are usually penalized during wine tastings, particularly with regard to white wines (Maigre et al. 1995; Schwab et al., 1996; Löhnertz, 1998) . Therefore, balancing shoot growth and fruit production is an important viticultural challenge. Because nitrogen is the most important factor for quality (Champagnol 1984) , the impact of N fertilisation, such as the effect of the timing, rate and form of N fertilisation on vine physiology (e.g., vigour, yield) and grape quality (e.g., soluble solids, acidity, aromas) has often been studied (Rodriguez-Lovelle and Gaudillère, 2002; Holzapfel et al., 2007; Linsenmeier and Löhnertz, 2007; Neilsen et al., 2010) . However, cases of N-deficient musts produced from vigorous grapevines have been observed along with symptoms of N deficiency in the leaves, despite a high level of N in the soil and an absence of significant water restriction (Spring, 2001) . A theory has, thus, been proposed in which an excessive canopy development could lead to a decrease in the N content of the plant by dilution. To understand this phenomenon, two experiments on Vitis vinifera cvs. Chasselas and Pinot noir were carried out at the Agroscope Changins-Wädenswil (ACW) research station in Pully, Switzerland. The findings revealed in this report connect the impact of canopy manipulation -first, by lateral shoot removal and, second, by shoot trimming -on the accumulation of N in the vines and grapes.
MATERIALS AND METHODS

Study site and climate
The experiments were conducted in Pully (Geneva Lake, Switzerland), where the average temperature is 15.5°C during the growing period from April to October and the mean annual precipitation is 1140 mm, evenly distributed among the seasons (Pully, averages 1981 (Pully, averages -2010 
Lateral shoot removal
The first trial was carried out between 2001 and 2004 on Chasselas cv. (clone 14/33-4) grafted onto rootstock 3309 C, which was planted in 1988 and trained in a single Guyot system. The planting density was 2x0.85 m, and the canopy height was 1,30 m. The lateral shoots were removed from the main shoots in the entire canopy; in the control treatment, the lateral shoots were removed only in the fruit-bearing area (1/3 of the entire canopy) as per traditional management. Each treatment comprised 4 replicates (randomised blocks) of 32 vines each.
Shoot trimming
The second trial was carried out between 2001 and 2010 on the Chasselas cv. (clone ENTAV 31) and the Pinot noir cv. (clone RAC 12), both planted in 1999 and trained in a single Guyot system with a planting density of 1.50x0.80 m. The Chasselas and Pinot noir plots were separately organised in split-plot formations with 4 replicates of 33 vines, including a main treatment (3 canopy heights: 0.60 m, 1.00 m and 1.40 m) and a subtreatment (3 rootstocks: 3309C, 5C and Riparia) for each cultivar. In the present report, only the influence of canopy height is discussed, and the results reflect the average of the three rootstocks. The shoot trimming was performed several times during the season to maintain the respective canopy heights for each treatment.
Measurements
The criteria of evaluation were based on the vegetative development (total leaf area and pruned wood weight), the mineral nutrition (chlorophyll index and leaf diagnosis), the yield components (bud fertility, bunch and berry weights and yield), and the composition of the must at harvest (soluble solids, total acidity, tartaric and malic acids and yeast available nitrogen). The total leaf area per vine was evaluated in each replicate by measuring on five different vines the total leaf area of the last shoot but one, according to Carbonneau's non-destructive method (1976) , and then multiplying by the number of shoots per vine. For the leaf diagnosis, samples of 25 primary leaves (blade + petiole) were taken at veraison in the median part of the canopy of each replicate for the analysis of the levels of N, P, K, Ca and Mg (% dry weight). The yeast available nitrogen (YAN) level was measured in the must by the quantification of formaldehyde, as reported by Aerny (1996) . The foliar N and must YAN both provided complementary information on the N nutrition of the grapevines at different growing stages (Gaudillère et al., 2003) . Furthermore, the measurement of the chlorophyll index allowed the monitoring of the N fluctuation throughout the season and was performed in each replicate on 30 primary leaves of the median part of the canopy every 15 days during the growing season using an N-tester (Hydro Agri Deutschland GmbH). The yield was fixed at 6 bunches per vine in the first trial (lateral shoot removal) and at 4 bunches per vine for Chasselas and 6 bunches per vine for Pinot noir in the second trial (shoot trimming). Significant differences between the treatments were statistically determined using ANOVA and then Fisher's least significant difference (LSD). There were major differences concerning the vegetative development between the control and the vines that had all of their lateral shoots removed (table 1) ; the control demonstrated a conspicuous increase in pruned wood weight (+29 %) and total leaf area (+76 %). The leaf-fruit ratio was 1.35 m 2 /kg in the control versus 0.98 m 2 /kg in the vines that had all of their lateral shoots removed. It should be emphasised that the optimum leaffruit ratio (i. e., the total leaf area per kg of grape) should be above 1.5 m 2 /kg for the optimum accumulation of soluble solids (Bertamini et al., 1991) .
RESULTS AND DISCUSSION
b. Nitrogen in leaves and musts
The total removal of the lateral shoots led to a significant increase in the N content of the leaves (by leaf diagnosis) (figure 1A) and musts (by YAN) ( figure 1B) . Moreover, the YAN content was strongly related to the water deficit between May and August during the 4 years of the trial: the higher the water restriction was, the lower the YAN content was, especially during 2003, when a 200-mm water deficit occurred between May and August (figure 2). As a consequence, differences in the YAN levels between treatments were more noticeable during those years with lower water restriction (2001 and 2002) . In this experiment, the leaf N rate was low in both treatments according to the leaf diagnosis thresholds (Spring et al., 2003) . In the control, the YAN content in the must was always very low, under 140 mg/l of N. In contrast, the vines that had all of their lateral shoots removed presented higher values, above 195 mg/l in 2001 and 2002, which then declined in 2003 and 2004 due to the drier weather conditions. For each year of the experiment, the total leaf area and YAN content in the musts were negatively correlated ( figure 3) . Moreover, the measurement of the chlorophyll index was monitored between 2002 and 2004 and was found to be higher in the vines that had all of their lateral shoots removed than in the control. Such differences were, however, less noticeable in 2003 when the plants experienced increased water restriction, which resulted in a reduction in the N assimilation (figure 4).
c. Yield components and must composition
In comparison to the control and despite a higher N content, the treatment that removed the lateral shoots resulted in a lower fertility, a lower berry weight, smaller bunches and a lower soluble solid content, and, thus, the yield was lower (table 2). These findings could be primarily explained by the leaf-fruit ratio difference between the treatments. Indeed, Bertamini et al. (1991) have studied the correlation between the quantity of soluble solids in the must and the total leaf area and have reported that a maximum level of soluble solids was obtained in the must for a leaf-fruit ratio of 1.5 m 2 /kg ; a similar relationship was observed in the present study (figure 5). Therefore, a leaf-fruit ratio of 0.98 m 2 /kg, as in the vines that had all of their lateral shoots removed, would be expected to lead to a lower amount of soluble solids.
Effect of shoot trimming
a. Plant growth and leaf-fruit ratios For both the Chasselas and Pinot noir cvs., the pruned wood weight increased by approximately 50 % when the canopy height was changed from 60 cm to 100 cm, and it increased by 100 % when the canopy height was changed from 60 cm to 140 cm (table 3) . In addition, the total leaf area increased significantly in inverse proportion to the trimming severity. For both cultivars, the leaf-fruit ratio was too low when the canopy was reduced to 60 cm (0.62 and 0.89 m 2 of total leaf area per kg of fruit, respectively), was balanced when the canopy was 100 cm (1.26 and 1.55m 2 /kg, respectively) and was excessive when the canopy was 140 cm (1.67 and 2.37 m 2 /kg, respectively) (table 3).
b. Nitrogen in the leaves and musts
The leaf N content was inversely proportional to the canopy height for both the Chasselas and Pinot noir cvs. (figure 6). Similarly, the YAN content in the must was inversely proportional to the canopy height (figure7). As observed in the first trial, the YAN content was universally lower when the water deficit was greater, especially in 
c. Yield components and must composition
Differences between treatments were less obvious than in the first trial. Soluble solid content was nevertheless significantly lower in treatment with the lowest canopy (60 cm) in comparison to the highest canopy (140 cm) with more than 0.5°Brix difference in the case of cv. Chasselas (table 4) .
CONCLUSION
For both trials, all three of the indicators of the N content in the vines (i. e., leaf diagnosis, the YAN content and the chlorophyll index) distinctly implicated the effect of canopy management -either lateral shoot removal or shoot trimming -on the N content in the leaves and must. Clearly, this result was less obvious during the 2003 and 2004 seasons due to the water restriction that limited the N uptake by the plants. Overall, under non-restrictive water conditions, the leaf area development can be excessive and can lead to a reduction of the N concentration -in the leaves and in the grapes -due to an effect of the dilution of N throughout the canopy. This dilution can, as a consequence, induce both N deficiency in the plant and YAN deficiency in the must. Indeed, wines can suffer from a YAN deficiency in the must and be penalized in wine tastings, as yeasts require a minimum amount of 140 mg of YAN per liter to prevent fermentation problems and wine depreciation (Lorenzini, 1996 , Christoph et al., 1995 . The present trial was focused on understanding the reasons of low N concentrations in the grapes and the final quality of the musts issued from vigorous vines. These results pointed out the relation of competition between the canopy development and YAN accumulation in the grapes. It would be interesting to complete these results with the assessment of the total N content on the entire vine and its distribution between the different organs of the plant, according to the canopy size. On the contrary, insufficient leaf area development can lead to a reduced photosynthesis, which negatively affects both the maturation of the grapes (lower soluble solid concentration) (Keller, 2010) and the reconstitution of starch reserves (Koblet et al., 1993) . Depending on the local conditions (e.g., climate, soil, and cultivar) and the prospective yield, especially in a situation under which N may be restricted, the optimum canopy size should be attained to approach a balanced leaf-fruit ratio to allow a proper grape maturation and a proper YAN content in the must as much as possible. From this perspective, Murisier (1996) has proposed a minimum of 1.0 to 1.2 m 2 of exposed leaf area per kg of fruit for proper grape maturation. In conclusion, canopy management is a 
